We propose an all-solid-state tunable Bragg filter with a phase transition material as the defect layer. Bragg filters based on a vanadium dioxide defect layer sandwiched between silicon dioxide/titanium dioxide Bragg gratings are experimentally demonstrated. Temperature dependent reflection spectroscopy shows the dynamic tunability and hysteresis properties of the Bragg filter. Temperature dependent Raman spectroscopy reveals the connection between the tunability and the phase transition of the vanadium dioxide defect layer. This work paves a new avenue in tunable Bragg filter designs and promises more applications by combining phase transition materials and optical cavities.
Introduction
Bragg gratings, as famous one-dimensional photonic crystals, are formed by alternating dielectric layers with different refractive indices [1, 2] . Featured with designable highly reflected wavelengths (photonic bandgap), this mature technic has led to plenty of applications, including dielectric mirrors and optical filters [3, 4] . With the introduction of a defect layer to break the symmetry, phase-shifted Bragg gratings exhibit unique behaviors as ultra-narrow band-pass filters [5] , namely Bragg filters. A Bragg filter works in either reflection mode or transmission mode. While the majority of light near the Bragg wavelength is reflected, a narrow band (known as a defect mode) gives rise to a reflection dip or transmission peak [3, 6] . Bragg filters with tunable defect modes attract much attention due to their potential abilities for laser cavities [7, 8] , sensing, communications, and spectroscopy applications [9] [10] [11] [12] . By changing the property of a defect layer, such as its refractive index or thickness, the reflection dip (transmission peak) can be tuned accordingly. However, once the structure of a Bragg filter is determined during the fabrication process, the defect mode is spectrally fixed in most designs. To date, tunability of Bragg filters is primarily based on mechanical stretching [13, 14] , or using a thermal-optic effect [15] in optical fibers, which calls for about 20-mm-long fiber and cannot be applied to free space optics directly. Though new tuning mechanisms for planar Bragg filters have been theoretically proposed using piezoelectric materials [16, 17] , doped semiconductors [18, 19] , and magnetic materials [20] as defect layers, only liquid-crystal-based tunable Bragg filters have been realized in laboratories [21] [22] [23] . Moreover, devices containing liquid crystal layer(s) require additional fabrication processes for confinement and stabilization.
Here, we experimentally demonstrate an all-solid-state tunable Bragg filter with a phase transition material as the defect layer. Phase transition materials, especially insulator-metal transition (IMT) materials, exhibit huge changes in electrical, mechanical and optical properties as a function of temperature and/or strain [24] [25] [26] [27] [28] [29] [30] , which could give optical devices extra tunability.
Without loss of generality, we use vanadium dioxide (VO2) as the phase transition material for a defect layer because its phase transition temperature (~68 ℃) is close to room temperature. The IMT of VO2 occurs between a dielectric monoclinic phase at lower temperatures and a metallic rutile phase at higher temperatures [31] . The temperature dependent optical constants of VO2 have been reported previously using ellipsometry [32] . Though known as metallic phase at high temperature, in the wavelength region between 500 nm and 1000 nm, the optical properties of VO2 stay as dielectric (real part of relative permittivity > 0) under both phases, but with dramatic difference. Considering dispersion in the wavelength region from 500 to 1000 nm, the complex refractive index of VO 2 varies from 3.6+0.6i to 3.0+0.5i at room temperature, and from 3+0.8i to 1.5+1.4i at high temperature (around 80 ℃). This confirms VO2 to be a good candidate of a tunable defect layer. In addition, the intrinsic phase transition properties of VO2 are preserved after the VO2 layer is encapsulated between two Bragg gratings. This promises more potential applications by combining phase transition materials with optical cavities.
Experiment

Fabrication
Bragg filters fabricated in our experiment consist of one VO2 thin film (30 nm) with one silicon nitride (Si3N4) protection layer (9 nm) sandwiched between two Bragg gratings with 4 periods of alternating titanium dioxide (TiO2) and silicon dioxide (SiO2) layers. The schematic diagram with cross-section view can be found in Fig. 1 . The whole sample was produced on a quartz substrate in a customized magnetron sputtering system. All the layers were deposited in one chamber continuously without breaking the vacuum, minimizing contamination.
The chamber was pumped down to 6×10 -7 Torr before any film growth. The TiO2 and VO2 film deposition was carried out by DC reactive sputtering from a titanium target (99.995%, ACI Alloys) and a vanadium target (99.9%, ACI Alloys) respectively. The SiO2 and Si3N4 film were produced by RF reactive sputtering from an undoped silicon target (99.999%, ACI Alloys). During the deposition of TiO2, SiO2 and VO2, a mixture of argon (Ar) and oxygen (O2) was introduced into the chamber as working gas, while only pure nitrogen (N2) was involved during the Si3N4 deposition. The TiO2/SiO2 multi-layer forms the Bragg filter structure, and the VO2 and Si3N4 films act as the defect layer in the Bragg filter. A 9 nm Si3N4 layer was deposited on top of VO2 film to protect VO2 from subsequent oxygen plasma back-sputtering.
All the films besides the VO2 film were deposited at room temperature, but a heating effect was anticipated due to plasma bombardment. The sample tray receiver (copper) was heated by 4 cartridge heaters (McMaster-Carr) prior to VO2 film deposition to achieve a high quality polycrystalline VO2 film. The heat is transferred by radiation and conduction to the quartz substrate, the temperature of which is raised to around 350 ℃. A photo of a typical Bragg filter sample is shown in the inset of Fig. 1 . Layers' thicknesses of three fabricated Bragg filter samples are summarized in Table 1 . 
Characterization
Spectral responses of the fabricated Bragg filter samples were characterized. Samples were mounted on a thermal stage with temperature controller, which was set to a slow ramp rate of 2 K/min to minimize possible hysteresis from over heating or cooling. White light from a quartz tungsten source (LSH-100, Horiba) was reflected by a sapphire beam splitter and focused on the surface of samples by a 40× objective lens. A cutting edge aperture was placed at the image plane behind the beam splitter to select a sample area (~50 µm diameter) from the reflected light. Then the selected light is focused into a spectrometer (iHR320, Horiba) and normalized to the reflection spectrum of a silver mirror. Also, temperature dependent Raman spectroscopy was performed directly on the Bragg filter samples as well as a single VO2 layer. While using a commercial Raman system (Renishaw Invia instrument with an excitation laser wavelength of 488 nm and a 50× objective lens) to record the Raman spectra during the heating and cooling processes, identical temperature control as in the optical measurements was used. The excitation wavelength is chosen outside the bandgap of the Bragg gratings. The focused laser spot was ~3 µm in diameter and Raman spectra were taken with low laser power (~20 µW) to minimize undesired over-heating effect.
Results and discussion
Raman spectroscopy has been used to verify the composition of the defect film. The Raman spectrum of the Bragg filter sample A at 25 ℃ is shown in Fig. 2(a) [33, 34] . This means even being encapsulated between two multilayer gratings, the defect layer is still an active polycrystalline VO2. Possible influence from strain on the material properties is small or negligible. Our Bragg filter samples exhibit temperature-dependent tunability. The reflection spectra of sample A under different temperature are shown on Fig. 2 (b)-2(c). At shorter wavelength region, the reflectance is almost invariant at all temperatures. At longer wavelength region, the reflectance, especially the position of defect mode, changes dramatically. The center wavelength of the defect mode (dip of reflectance) changes from 795 nm to 742 nm when the temperature increases from 25 ℃ to 83 ℃, shown in Fig. 2(b) , and goes back from 742 nm to 795 nm during the cooling process shown in Fig. 2(c) . To further confirm the ubiquity of such tunability, the reflection spectra of Bragg filter samples B and C with different grating thicknesses are shown in Figs. 2(d)-2(e). The temperature-dependent shifts of defect modes are evident. One prominent phenomenon in the IMT phase transition of VO2 is the hysteresis behavior, which was first observed in electric conductivity [24] , then confirmed optically [25] . This unique property has been utilized in many optical applications [35] [36] [37] . In our experiment, optical hysteresis was also observed. Considering the sample A and plotting the center wavelengths of defect mode versus temperatures during the whole heating and cooling cycle, a hysteresis curve is obtained ( Fig. 3(a) ). During the heating and cooling processes, the windows of significant changing are at ~10 ℃ and ~40 ℃, respectively. Therefore, the tuning of defect modes can be realized in a much narrower temperature range than those using thermal-optic effects [18] . More importantly, this hysteresis in reflection tuning has the potential to bring about memory-like function [35] , thus further enriches the potential applications of Bragg filter devices.
Temperature dependent Raman spectroscopy verifies that the tunability of our Bragg filter originates from the phase transition of the VO2 layer. According to literature [33] , the Raman shift at 612 cm -1 is able to characterize the hysteresis of the VO2 MIT phase transition. Heights of 612 cm -1 Raman shift of the Bragg filter sample are retrieved from Raman spectra under different temperatures and plotted in red in Fig. 3(b) . The hysteresis shape of this curve is almost identical to that of the defect mode shift shown in Fig. 3(a) . More compelling evidence of the origin of hysteresis is given by plotting the reversed reflectance (-1×reflectance) at 795 nm during the whole heating and cooling cycle (blue curve in Fig. 3(b) ). This reflection hysteresis curve perfectly matches the hysteresis curve of Raman spectra. As a conclusion, the characterization results show that the Bragg filter is tuned by the phase transition of the VO2 defect layer. Fig. 3. (a) A hysteresis curve of the center wavelengths of defect modes (reflection dips); (b) Heights of 612 cm -1 Raman shift of the Bragg filter sample retrieved from Raman spectra (red) and reversed reflectance at 795 nm (blue) as a function of temperature.
The design process is relatively straight forwards: we design Bragg grating layers using λB = 2(n1d1+n2d2), (ni and di are the refractive index and thickness of corresponding alternating layers) to meet our specific working wavelength region; then a VO 2 defect layer is inserted into the center of the Bragg grating to produce defect modes. Accurate relations between the thickness of the VO2 layer and defect modes are studied by numerical simulations.
We have done numerical simulations using COMSOL Multiphysics ® and compared with our experimental results. In the simulation setup, the refractive indexes of SiO2, TiO2 and Si 3N4 are set to 1.46, 2.4 and 2 respectively. The dispersive complex optical refractive index of VO2 is adopted from Ref. [32] . The small variation in temperatures (25 ℃ vs 30 ℃, 83 ℃ vs 85 ℃) doesn't provide notable amount of results difference because optical parameters of VO 2 change very slowly in either low temperature or high temperature region. Fig. 4(a) shows the simulation results of the sample A together with the experimental results. Dashed lines indicate positions of corresponding defect modes. We find that the positions and bandwidths of defect modes agree well with the simulated values. The small shift of Bragg wavelength may result from dispersive optical parameters in real materials. The overall lower reflectance comes from the scattering of polycrystalline TiO2, which annealed during high temperature VO 2 layer deposition. This drawback can be solved by alternative materials with higher temperature tolerance to fabricate Bragg gratings. It is worth mentioning that, though the full width at half maximum (FWHM) of defect modes in our Bragg filters are wider than those in typical Bragg filters, the defect mode shifts we demonstrated (~50 nm) are still larger than the FWHM (~40 nm). To make better use of such Bragg filter, small FWHM of defect modes is preferred. The broadening of defect modes results from the optical loss of VO2. If a phase transition material with lower loss is encapsulated as a defect layer of Bragg filters, the FWHM of defect modes is expected to be much narrower.
We have also investigated the insertion loss by plotting the reflection spectrum in dB as shown in Fig. 4(b) . In the long wavelength region, the insertion losses are about -4dB in experiments. In the short wavelength region, due to the scattering from polycrystalline TiO2, the experimental insertion losses are about 5dB higher.
Since Bragg filters are tuned by the phase of VO2, the modulation speed is determined by the phase transition speed of VO2. The global heating method used in our experiment is just for demonstration purposes. There are multiple faster and more energy efficient methods to improve the performance of Bragg filters. It has been reported that the switching time can be very short. For application purposes, we need to include a full cycle of insulator-metalinsulator, not only the intrinsic ultrafast insulator-to-metal transition which happens in a few ps [38] . Very short switching times have been reported: 5 µs by electrical heating [39] , 3 µs by applying an electric field [40] and 200 ns by an optical pump-probe method [41] .
Conclusions and outlook
In conclusion, we have experimentally demonstrated a tunable Bragg filter using a phase transition material, i.e. VO2, as the defect layer. Temperature-dependent Raman spectroscopy verified that this device is tuned by the phase transition of VO2. This work promises more applications by combining phase transition materials and optical cavities in different ways.
First, our device is the first compact planar all-solid-state tunable Bragg filter, and greatly enriches the application scenarios of Bragg filters. Such designs are not only feasible for practical environments, but also promising for on-chip optical devices and electro-optical modulation.
Second, the combination of phase transition materials and Bragg reflectors could directly transfer the history of environment to optical signals, thus enables remote sensing and control. The device we demonstrate shows the potential of a memory-like passive temperature sensor, or electrical sensor if we integrate current heating.
Third, the sandwich structure also solves the problem of material degradation. Many phase transition materials, including VO2, are sensitive to oxygen and/or moisture because of
